Qualitative
and quantitative analyses were conducted on four kinds of resin-modified glass ionomer (RMGI) cement liquids, LC, LC II , LC III (hereinafter referred to as LCs) and VM, using HPLC and laser Raman spectroscopic methods. HPLC revealed that among the RMGI liquids LCs contain 31-32% HEMA (2-Hydroxyethyl methacrylate), and VM contains 18% of the same.
The composition of RMGI cement liquids varied significantly between manufacturers. In Raman spectroscopic analyses, the spectra of liquids of various ratios of polyacrylic acid and HEMA were measured, and calculations were made on the peak intensity ratios of C=C stretch vibration to C=O stretch vibration, common in both HEMA and polyacrylic acid. The composition ratio of polycarboxylic acid to HEMA of commercial glass ionomer cements was assessed by the regression curve generated by a combination of peak intensity ratios and composition ratios. In addition, Raman spectroscopy was able to identity the differences in form of the methacryloyloxy group.
INTRODUCTION
Resin-modified glass ionomer is of polycarboxylic acid, which is a component of conventional glass ionomer (ABGI) cement liquid, and resin component added to it. This combination reportedly improves the fragility inherent to cement materials, and enhances the mechanical properties1-5) and durability6,7), and thus its applicable cases and uses are increasing. The setting reaction of ABGI cements progresses slowly as the acid-base neutralizing gelling reaction of polycarboxylic acid takes place8), while the setting reaction of the resin monomer progresses rapidly due to a radical photochemical polymerization reaction. Therefore, in RMGI cements two different chemical reactions take place simultaneously, which is considered to affect the physical properties of the set material.
Particular influence would be given at the initial setting stage to the final set material by structure, composition and polymerization rate of the resin component. Since the polymerization of the matrix resin largely affects the mechanical properties of a composite resin, the polymerization rate has been studied in detail9-11) using spectroscopic methods such as Fourier transform infrared were about 1:1 in LCs but 1:3 in VM, indicating that the HEMA content was comparatively smaller than in polycarboxylic acid. The H2O ratios were about 0.7-0.8:1 in LCs and 0.6:1 in VM. Accordingly, the component ratios of HEMA and H2O to polycarboxylic acid were 1.5-1.8:1 in LCs and about 1.0:1 in VM, indicating substantial variation in composition between manufacturers. Table 5 includes the standard powder liquid ratio (P/L) of each glass ionomer cement. The P/L ratio was 3.0-3.2:1 in LC and LC II , LC III for fissure-sealant being excluded, which is higher than 2.7:1 of ABGI, but that of VM was 2.5:1, nearly equal to ABGIs.
Raman spectroscopic analyses of RMGI cement liquids The Raman spectra of polyacrylic acid powder, polyacrylic acid solution (37wt%) and Fuji ionomer type II (hereinafter referred to as FU) are shown in Figure 2 along with the chemical structure of polyacrylic acid. In the Raman spectrum of polyacrylic acid solution, a peak at 1455cm-1, due to scissoring vibration of the >CH2 bond was observed. Also observed was a wide peak at 1705cm-1, due to C=O stretch vibration of the carboxyl group. In polyacrylic acid powder, the peak at 1455cm-1 was also recognized, however, the wavenumber of the peak due to C=O stretch vibration was slightly lower than 1705cm-1 and much wider and weaker than that of the liquid. Figure 3 shows the Raman spectrum of neat HEMA and the peak origins. Sharp peaks were recognized at 1640cm-1 originating from C=C stretch vibration, and at 1720cm-1 with a shoulder at 1705cm-1 originating from stretch vibration of the C=O band, free from hydrogen bond and hydrogen bonded, respectively. 
Discussion
Composition analyses of RMGI cements It is said that ABGI cement liquid does not consist of polyacrylic acid solution by itself, probably due to the issue of preservation, but of the copolymers with itaconic acid or maleic acid. However, few reports have been made on the composition, molecular weight and content17). In addition, it presents a complex matrix incorporating tartaric acid17,18) which is low molecular weight carboxylic acid, as an additive to these copolymers to adjust setting reactions and to increase bonding to tooth substance. Therefore, it seems rather difficult to conduct qualitative and quantitative analyses17) of the matrix composition of commercial GI cements, which might have led to a lack of papers. Many papers can be found stating that HEMA which is a hydrophilic resin monomer is added as a resin component, but a few of them disclosed its qualitative and quantitative analyses. Therefore, the quantitative analyses of HEMA in RMGI cement liquids were performed by using HPLC in the present work. In addition, quantitative analyses of photoinitiators, CQ and DMAEMA were also conducted, because RMGI cement tested are light cured type like regular composite resin. The structure and molecular weights of polycaboxylic acid, one of the components of RMGI cements, is unknown, as the case for GI cement. Therefore, the remainder was calculated as polycarboxylic acid excluding the total HEMA and photoinitiators quantified by HPLC, and water measured by the Karl-Fisher method. Although a very weak peak probably was tartaric acid18), was detected on HPLC analysis, no quantitative analysis was conducted on it in the present work. From quantitative analyses of RMGI cement liquids, it was found that every cement liquid contains water soluble resin, HEMA, and it is noted that the amount varied from manufacturer to manufacturer. However, no major variance in the composition of cement liquids was found among LCs from the same manufacturer.
FU was analyzed among the ABGI cements, and it was found that the cement liquid contains 50% water, making the H2O to polycarboxylic acid ratio at almost 1:1. When compared with composition ratio of cement liquids of RMGI cements, that of H2O to polycarboxylic acid was 0.7:1, indicating that the water ratio is lower than in ABGI cement. In RMGI cement, HEMA, which has a low molecular weight and low viscosity, is added to the cement liquid, enabling the cement to keep its original viscosity while reducing the water content. Also HEMA seems to the restrict acid-base reaction in mixing, prolonging the setting time, and enhancing the handling properties of the cement paste. Consequently, it is thought that HEMA acts not only as a resin additive, but also as a diluting agent for polycaboxylic acid and as a means to adjust the setting time. In addition, in RMGI cements, HEMA has the capability to facilitate light curing, thus compensating for the delay of the setting reaction by the acid-base reaction. The ratio of H2O+HEMA to polycaboxylic acid was 1.5-1.8:1 which is greater than the near 1:1 ratio of H2O to polycaboxylic acid in ABGI. The decreased viscosity of RMGI cement liquid is thought to be one of the reasons why the powder to liquid ratio of RMGI cement could be made higher than that of ABGI cement, as shown in Table 5 . However, in LC III, the ratio of H2O+HEMA to polycarboxylic acid is the highest, and yet the powder and liquid ratio is less than half of the others. This ought to be based on the fact that LC III, being a fissure sealant, is provided with an emphasis on flow capability. On the other hand, the ratio of H2O to polycarboxylic acid is significantly lower, and it appears that the polycaboxylic acid was diluted with HEMA to make the cement liquid similas to that of ABGI cement. It is recognized that HEMA content in VM is about half that of LCs and also the ratio of HEMA to polycarboxylic acid is significantly lower. This might be attributable to the findings by Mitra1) et al., that unlike the other RMGI cements, methacryloyloxy groups are bonded to the side chain of polyacrylic acid in place of methacryloyloxy groups of free HEMA by themselves in the liquid. In addition, VM contained significantly less photoinitiators, which was presumably because VM is claimed to have a so-called tri-cure polymerization mechanism which consists of acid-base reaction, light cure, and chemical cure, and the powder might contain other polymerization initiators.
On the other hand, LCs contained substantially higher amounts of CQ and DMAEMA than regular composite resin. It was assumed that the reason for these larger amounts of polymerization initiators is that radical polymerization reaction might be hampered16) in the liquid. From the above results, it was judged that RMGI cements from the same manufacturer were of almost equal composition between products, however, VM presented a quite different composition, and the differing composition and polymerization mechanism would affect the polymerization behavior and mechanical properties of the set cement material.
Raman spectra of RMGI cement liquids While FT-IR is based on absorption and reflection of light, while Raman spectroscopy is based on the scattering phenomenon of light.
Both methods reveal detailed vibrational spectroscopic information on molecular structure.
While it is rather difficult to measure aqueous liquids by FT-IR as water strongly absorbs infrared light, it can be easy to analyze the composition of components in liquid by Raman spectrum as light scattering by water is weak, and the Raman peak of components dissolved in liquids is not obstructed20). H2O analysis by the Karl-Fisher method in this study proved the presence of 25-30% of H2O in RMGI cement, which reconfirms the effectiveness of Raman spectroscopy for polymerization measurement of RMGI cement liquids. In polyacrylic acid powder, the Raman peak due to C=O stretch vibration of the carboxyl group was observed at 1695cm-1 but that in liquid was observed at 1705 cm-1. This shift was considered to be due to the reduced hydrogen bonding of polyacrylic acid in liquidd form than in powder form21). On the other hand, in the Raman spectrum of HEMA, sharp and strong peaks were observed at 1720cm-1, which was due to C=O stretch vibration of the ester group, and at 1640cm-1 for C=C stretch vibration.
A linear base line can be drawn between the peaks of C=O stretch vibration and C=C stretch vibration, and by measuring the relative intensity ratio of C=O to C=C, the following quantitative analysis of HEMA was conducted.
Quantitative analyses of RMGI cement liquids by Raman spectroscopy As described above, the major components of RMGI cements are polycarboxylic acid, HEMA and H2O. As the Raman intensity of water is so weak, Raman spectroscopy is not appropriate for quantitative analysis of water. In this study, the composition of RMGI cements was described as the ratio of HEMA to polycarboxylic acid. Three different kinds of polyacrylic acid in concentration and molecular weight presented almost the same correlation of R and C values by measurement of their relative intensity ratios. When a C value is especially high, the peak C=O stretch vibration of polyacrylic acid is shadowed by the strong peak of C=O stretch vibration of HEMA. However, when the concentration of HEMA is low, the curves of the three kinds of liquids overlap, and therefore accuracy would not be questioned.
In addition, an attempt was made to estimate C value from R value obtained from the Raman spectra of the curves of commercial RMGI cements, whose C values by HPLC analysis were no more than 50%. The C value as a result of calculation was close to that one of LCs obtained from HPLC, but significantly higher than that of VM. This is presumably because there is a difference in matrix structure between LCs and VM. LCs should have a liquid composition comprising polycarboxylic acid similar to that of conventional ABGI cement with added HEMA, while VM was mentioned to have methacryloyloxy groups chemically bonded to the side chains of polyacrylic acidly . The reason why the R value of VM was only slightly lower than that of LCs, while the HEMA content measured was much smaller in VM than in LCs, is probably that the Raman spectra detected both C=C stretch vibration originating from free HEMA in the liquid and C=C stretch vibration originating from the methacryloyloxy group in the side chain of polycarboxylic acid, although HPLC measured only free HEMA. The C value determined at 39% from Raman data was higher than that determined at 26.5% from HPLC data. Therefore, the difference between the two C values, 12.5%, is likely to represent the presence of methacryloyloxy groups bonded to the sidechain of PCA in VM in the amount of 12%. This could not, however, be specifically measured since the molecular weight of the methacryloyloxy group bonded to the side chain of polycarboxylic acid was uncertain.
The above results demonstrated that Raman spectroscopy was effective for quantitative measurement of HEMA in terms of the amount of C=C in polycarboxylic acid solution. It was particularly effective in detecting the amount of C=C in such complex structures as RMGI liquid where methacryloyloxy groups were bonded to the side chain of polycarboxylic acid in combination with HPLC.
